Microwave Tomography (MWT) is a novel imaging modality. It has potentials for functional biomedical imaging. An assessment of extremity soft tissue blood perfusion is one of such applications. We used our 2D MWT system in its fast, multi-frame mode for imaging of animal extremities. In this mode the system was capable to acquire 133 frames of tomographic data within 13sec. This allows for an imaging at certain portion of pulse wave and assessment of tissue blood perfusion. Absolute, differential and fused images of animal (swine) extremity were obtained demonstrating biomedical viability of the technology.
Introduction
Microwave tomography (MWT) is an emerging imaging modality which might present a safe, mobile and cost-effective supplement to current imaging modalities for non-invasive assessment of soft tissues blood perfusion. MWT was underdeveloped for a number of technical reasons, including high costs of unique hardware components and an in-sufficient computing power. Recently significant progress in both telecommunication technologies and computing has opened up a unique opportunity for further progressing of MWT towards biomedical applications.
Within microwave spectrum, biological tissues are differentiated and consequentially can be imaged based on their dielectric properties. It is known that dielectric properties of tissues with high (muscle) and low (fat and bone) water content are significantly different [1, 2] . During the last decades the changes in dielectric properties of tissues caused by various physiological and pathological alterations have been intensively studied. It has been demonstrated that dielectric properties of malignant tumors and normal tissues are different in the breast [3] [4] [5] [6] , liver [4, 7] and lung [4, 8] . We've found that dielectric properties of myocardial tissue have strong dependence from coronary blood flow, myocardial hypoxia, acute ischemia and chronic infarction [9, 10] .
Safety is an important feature of MWT imaging. Within this modality a non-ionizing electromagnetic field is used in contrast to the ionizing radiation used in CTimaging and nuclear medicine. It was estimated that the level of microwave field used in imaging procedures will be comparable with the level of microwave field used in cell phones at the same GHz portion of electromagnetic spectrum.
We have developed a two-dimensional (2D) and a three-dimensional (3D) microwave tomographic systems [11, 12] and methods of image reconstruction [13] [14] [15] . Feasibility of the technology for cardiac imaging was demonstrated [16, 17] and conclusion made that microwave tomography is capable for both structural and functional cardiac imaging.
Microwave tomographic imaging of extremities possesses the complicated, non-linear, high dielectric contrast inverse problem of diffraction tomography. There is very high dielectric contrast between bones and soft tissues in extremities. Our overall goal is to image soft tissue and assess its functional / pathological conditions. The goal of current study is to assess extremity soft tissue perfusion using fast multi-frame MWT imaging.
Materials and Methods

MWT system
The 2D MWT system has 24 electronically scanned channels. Its imaging chamber is a metallic cylinder with radius 10.75cm with 24 antennas equidistantly located at the perimeter of the central cross-section of the imaging chamber. Each antenna is a ceramic filled waveguide (ε~60 and dimensions 5.3*2.1*0.75cm) operating in both transmitting and receiving modes. During an imaging procedure the chamber is filled in with matching solutions of various dielectric properties. The electronic unit transmits electromagnetic radiation to any antenna (working as a transmitter at certain time point) and measures scattered EM fields on all the rest of 23 antennas, working as receivers at this particular time. Full system electronic scanning and control allows us to achieve very fast data acquisition cycle (frame) -of 12 msec. In this study we acquire 133 frames with 100msec delay between each frame. The system allows for 
:
conducting measurements within frequency range 0.9 to 2.3GHz. At this study we used frequency of 1.05GHz.
Image reconstruction method
For image reconstruction (absolute imaging) we used iterative 2D Newton approach with Tikhonov regularization presented elsewhere [15] . We usually use 256*128 polar grids to solve direct problem for each transmitting antenna at each iteration and either 46*46 or 64*64 Cartesian grids to solve inverse problem. The starting point for image reconstruction was always a homogeneous media with dielectric properties of matching solution, which can be easily measured by, for example a coaxial probe method. Regularization parameters were chosen by a trial method. It usually requires about 20-25 iteration to reconstruct an absolute image.
Animal procedure
Five Yorkshire domestic cross/farm pigs, males and females, were used in this study. Animals were cared for under an Institutional Animal Care and Use Committee approved research protocol and the NIH guidelines for laboratory research. An occluder (In Vivo Metric Systems, Healdsburg, CA, USA) was placed around the brachial artery. A vascular flow probe (Transonic System, Inc., Ithaca, NY, USA) was placed around the artery distal to the occluder to monitor the degree of blood flow. Both occluder and flow probe were located out of an area of MW interrogation. 
Results and discussion
During tomographic multi-frame data acquisition procedure we also synchronously record brachial artery flow. This allows for further correlation of reconstructed images at the frame of interest with blood flow. One of successive brachial artery flow reading is presented in Figure 1 . For initial 4 sec blood flow was not compromised and it stays at its baseline volume of 46 [mL/min]. During next 2 sec flow was reduced to zero level maintained until 13 sec. Two frames of interest are indicated as stars in Figure 1 .
Prior to image reconstruction, we study the ability of the system for detecting signals associated with different physiological conditions within an image interrogating area. In our case those are two signals obtained at two different frames. This is important issue, because if there are no differences in experimentally measured EM fields associated with physiological differences, it would be not possible to image them no matter how perfect the image reconstruction algorithm is. Results are presented in Figure 2 for % differences in amplitude of scattered EM fields (top A) and absolute differences in phase [deg] (bottom B) for 13 opposite receivers for one transmitter. As can be seen in Figure 2 there are differences in both amplitude and phases of the signals. The value of differences is up to 4-5% in amplitude and 3 degrees in phase. Both absolute and frame-differential images of extremities were successfully obtained. Frame-differential images present differences in reconstructed images obtained at different time of experiment (stars indicated in Figure 1 ). Imaging results presented in Figure 3 are fused images. The background images in gray palette are the absolute images of 2D cross-section of upper left portion of swine extremity. On the top of the background images are frame-differential images presented in color. It can be read that there is an anticipated difference in blood flow for two different times (frames) of experiment and it is consistent with the anatomical location of blood vessels.
Conclusion
Presented multi-frame fused images of MWT of animal extremity indicate applicability of MWT for blood perfusion imaging. MWT is a novel imaging modality and ways of reading reconstructed MWT images have to be further studied and understood. 
